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access undAbstract A new thermally stable polyimide–silver nanocomposite containing dibenzalacetone
moiety in the main chain was synthesized by a convenient ultraviolet irradiation technique. A pre-
cursor such as AgNO3 was used as the source of the silver nanoparticles. Polyimide 6 as a source of
polymer was prepared by polycondensation reaction of 2,5-bis(4-aminobenzylidene) cyclopenta-
none 4 with pyromellitic anhydride 5 in m-cresol solution and in the presence of iso-quinoline as
a base. The resulting nanocomposite ﬁlm was characterized by FTIR spectroscopy, X-ray diffrac-
tion (XRD), Scanning electron microscopy (SEM), Thermal gravimetric analyses (TGA), differen-
tial gravimetric analyses (DTG) and differential scanning calorimetry (DSC). Scanning electron
microscopy (SEM) conﬁrmed the formation and dispersion of silver nanoparticles in polymer
matrix having average size of 20 nm. Incorporation of inorganic metal silver nanoparticles has
improved the thermal behavior of the nanocomposite ﬁlm as compared to pure polyimide ﬁlm. Also
2,5-bis(4-aminobenzylidene) cyclopentanone 4 was synthesized by using a two-step reaction.
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High performance, high-temperature polymers such as
aromatic polyimides, poly(amide-imide)s, polyamides, polyes-
ters are characterized by their excellent balance of thermal
and mechanical properties which make them useful materials
for engineering applications (Cassidy, 1980; Li et al.,
2004a,b; Rivero et al., 2009; Liu et al., 2010). Polyimides
(PIs), especially aromatic polyimides, are the most famous
high performance synthetic polymers with versatile properties,
such as high transition temperatures, good chemical resistance,
excellent mechanical properties, outstanding thermal and ther-
mo-oxidative stability. These properties have made polyimides
most widely used in many ﬁelds including aerospace, electron-
ics, and other modern industries (Seckin and Koytepe, 2010;
420 K. Faghihi, M. HajibeygiFaghihi and Shabanian, 2010; Faghihi et al., 2010; Pavlidou
and Papaspyrides, 2008).
Preparation of organic–inorganic–metal hybrid materials
has been of great interest to composite materials ﬁeld. The
incorporation of inorganic nanoparticles is one of the effective
methods that improve the mechanical and thermal properties
of the polymer matrix (Darroudi et al., 2009; Liao et al.,
2009). Recently, polymer–metal nanoparticles composite mate-
rials with superior electrical and thermal conductivity have
been extensively studied because of their applications in micro
electronics, communication, military affairs and aerospace
ﬁelds as electromagnetic shielding and wave absorbing materi-
als (Yagci et al., 2008; Giri, 1997). In such applications, the
homogeneous dispersion of these thermodynamically unstable
nanoparticles is a key challenge due to their easy agglomera-
tion arising from their high surface free energy. Conventional
approaches to fabricate polymer–metal nanoparticle compos-
ite materials include using ball milling method (Naka et al.,
2004), direct ﬁlling method (Zhou et al., 2001), photo irradia-
tion (Chen et al., 2001), radicalization (Boldyryeva et al.,
2004), particle impantation (Li et al., 2004a,b), templating syn-
thesis method (Biswas et al., 2004), deposition (Suresh et al.,
2004) and in situ synthesis method (Huang et al., 2001).
The ultraviolet irradiation induced reduction of silver ions
in polymeric matrices with the concomitant formation of silver
nanoparticles, ultimately is used for optical application (Miha-
ra et al., 2005). This approach is based on the in situ irradia-
tion reduction of metal ions in the polymer matrix by
hydrated electrons produced during the UV-irradiation pro-
cess. In this report, a novel convenient ultraviolet irradiation
technique was demonstrated for preparing polyimide/silver
nanocomposite containing photosensitive dibenzalacetone
moiety at room temperature. It was found that the silver nano-
particles were homogeneously dispersed in the PI matrix and
the PI-silver nanocomposite exhibited an ultraviolet–visible
(UV–vis) absorption peak, corresponding to the characteristic
surface plasmon resonance of silver particles. The dibenzalac-
etone moiety is one of the UV sensitive functional groups in
photosensitive polymers which are widely used as polymeric
photo resists in the ﬁeld of micro-electronics (Yang et al.,
2006).2. Experimental
2.1. Materials
Cyclopentanone 1, nitrobenzaldehyde 2, pyromellitic anhy-
dride 5, Na2S, NaHCO3, iso-quinoline and m-cresol were
pushed from Merck Chemical Company and used without pre-
vious puriﬁcation.
2.2. Techniques
1H NMR and 13C NMR spectra were recorded on a Bruker
300 MHz instrument (Germany). Fourier transform infrared
(FTIR) spectra were recorded on Galaxy series FTIR 5000
spectrophotometer (England). Thermal Gravimetric Analysis
(TGA and DTG) data were taken on a Mettler TA4000 Sys-
tem under N2 atmosphere at a rate of 10 C/min. The mor-
phologies of polyimide (PI)-silver nanocomposite (PISN)
were investigated on Canbridge S260 scanning electron micro-scope (SEM). The ﬁlm was cryogenically fractured in liquid
nitrogen and then coated with Pt/Pd. Differential scanning
calorimetric analysis were performed on differential scanning
calorimeter (Du Pont 910) at a heating rate of 10 C/min.
UV–visible spectra was recorded on Perkin Elmer. X-ray dif-
fractions (XRD) were performed on Philips X-Pert (Cu-Ka
radiation, k= 0.15405 nm).
2.3. Monomer synthesis
2.3.1. 2,5-Bis(4-nitrobenzylidene) cyclopentanone 3
0.475 g (5.6 mmol) of cyclopentanone 1, 1.691 g (11.2 mmol)
of 4-nitrobenzaldehyde 1, 12 mL of a mixture of ethanol and
water (2:1) and a stirring bar were placed into a 100-mL
round-bottom ﬂask. Then this mixture was heated in 50 C
for 1 h and 5 mL of NaHCO3 (1%) was added slowly at this
temperature and reﬂuxed for 3 h. Then the reaction mixture
was cooled to ambient temperature and 50 mL cooled water
was added. A light brown crud product was formed and was
collected by ﬁltration, washed thoroughly with water, and
dried to afford 1.62 g (82%). Mp: 265–267 C. FTIR (KBr):
3088 (w), 2908 (w), 1685 (s), 1604 (s), 1518 (s), 1415 (m),
1344 (s), 1253 (s), 1184 (s), 1113 (s), 983 (m), 856 (s), 756
(m), 677 (m), 507 (m), 416 (m) cm1. 1H NMR (300 MHz,
DMSO-d6, TMS): d; 8.30–8.32 (d, 2H, J= 6 Hz), 7.96–7.98
(d, 2H, J= 6 Hz), 7.57 (s, 2H), 3.19 (s, 4H) ppm. Elemental
analysis: calculated for C19H14N2O5: C, 65.14; H, 4.03; N,
8.00; found: C, 65.09; H, 4.01; N, 8.00.
2.3.2. 2,5-Bis(4-aminobenzylidene)cyclopentanone 4
To solution 0.8 g (10.2 mmol) of Na2S and 0.35 g (4.16 mmol)
of NaHCO3 in 5 mL water, 10 mL methanol was added. The
mixture was stirred for 30 min in room temperature. The precip-
itate was ﬁltered, then the ﬁltrate was added to the mixture
0.25 g (0.714 mmol) of 2,5-bis(4-nitrobenzylidene)cyclopenta-
none 3, and 15 mL methanol, and stirred for 3 h under reﬂux
conditions. The mixture was concentrated using rotary evapo-
rator, and the residue was poured into water, a red crude prod-
uct formed and was collected by ﬁltration, washed thoroughly
with water, and dried to afford 0.191 g (yield 92%). Mp: 285–
287 C. FTIR (KBr): 3319 (m), 3217 (m), 3030 (w), 2926 (w),
1656 (m), 1585 (s), 1512 (s), 1438 (m), 1311 (m), 1282 (m),
11170 (s), 985 (w), 831 (m), 705 (w), 534 (m), 484 (m) cm1.
1H NMR (300 MHz, DMSO-d6, TMS): d; 7.36–7.37 (d, 4H,
J= 7.5 Hz), 7.23 (s, 2H), 6.62–6.65 (d, 4H, J= 7.5 Hz), 5.83
(s, 4H), 2.95 (s, 4H) ppm. 13C NMR (300 MHz, DMSO-d6):
d; 194.76, 150.96, 133.23, 133.11, 132.74, 123.59, 114.27,
26.54 ppm. Elemental analysis: calculated for C19H18N2O: C,
78.59; H, 6.25; N, 9.65; found: C, 78.44; H, 6.21; N, 9.36.
2.4. Polymer synthesis
A quantity of 5 mmol 2,5-bis(4-aminobenzylidene)cyclopenta-
none 4, 5 mmol pyromellitic anhydride 5 and two drops of iso-
quinoline were dissolved in 25 ml m-cresol, consecutively. The
mixture was stirred at room temperature for 2 h and then at
180 C for 3 h. The obtained PI solution was precipitated in
100 ml methanol. The precipitate was immersed in distilled
water and methanol for 2 h, and then washed with distilled
water and methanol several times to remove the residual m-cre-
sol. The inherent viscosity of this soluble PI is 0.53 dL/g.
Scheme 1 Synthetic route of Diamine 4.
Scheme 2 Synthetic route of Polyimide 6.
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A 250 W high-pressure mercury lamp was used as the ultravi-
olet irradiation source. The AgNO3 was introduced as the
source of Ag nanoparticles. First a solution such as 1.0 g sol-
uble PI in 7.0 ml NMP and a solution of 1.0 mmol AgNO3
and 1.2 mmol TFA in 5.0 ml NMP were prepared. Then the
two solutions were mixed and irradiated for 12 h to ensure
the complete reduction of AgNO3 under ultraviolet irradiation
at room temperature. The product was precipitated quickly to
distilled water and washed with distilled water several times.
Then the sample was dried in vacuum, redissolved in chloro-Figure 1 FTIR spform by sonication and was cast on a glass substrate and dried
at 50 C in vacuum for 2 days.
3. Results and discussion
3.1. Monomer synthesis
2,5-Bis(4-aminobenzylidene)cyclopentanone 4 was synthesized
by using a two-step reaction. At ﬁrst 2,5-bis(4-nitrobenzyli-
dene)cyclopentanone 3 was prepared from the reaction of
two equimolars 4-nitrobenzaldehyde 2 and one equimolar
cyclopentanone 1 in ethanol/water (2:1) and NaHCO3. Then
dinitro compound 3 was reduced by using Na2S (Scheme 1).
3.2. Polymer synthesis
Polyimide 6 was synthesized by reaction of an equimolar mix-
ture of diamine 4 with pyromellitic dinhydride 5 in m-cresol
solution and in the presence of iso-quinoline as a base (Scheme
2).
The FT-IR spectrum of PI 6 exhibits characteristic absorp-
tion peaks for C‚O unsymmetrical stretching of imide groups
(at 1772 cm1), C‚O symmetrical stretching of imide groups
(at 1707 cm1) and C–N stretching of imide groups (at
1386 cm1). These bands show PI 6 has been successfully syn-
thesized (Fig. 1).
3.3. X-ray diffraction
The XRD patterns of polyimide/silver nanocomposite further
conﬁrmed the incorporation of silver nanoparticles in the com-
posites as shown in Fig. 2. The strong reﬂection centered at a
2h value around 20 was characteristic of the amorphous poly-
imide. Five diffraction peaks in the XRD patterns of sample 6a
indicated the formation of the nanometer scale silver particles
in the PI–silver nanocomposites (Sadjadi et al., 2008). Also
these sharp diffraction peaks at 2h values of 38.2, 44.4,
64.5, 77.3 and 81.5 corresponded to Bragg’s reﬂections fromectrum of PI 6.
Figure 3 SEM of polyimide–silver nanocomposite ﬁlm 6a. Figure 4 UV–vis spectra of PI 6 and polyimide–silver nano-
composite ﬁlm 6a.
Figure 2 XRD of polyimide–silver nanocomposite 6a.
422 K. Faghihi, M. Hajibeygithe (111), (200) (220), (311) and (222) plans of Ag and were in
good agreement with the reported data (Huang et al., 2001).
3.4. Scanning electron microscopy (SEM)
The SEM micrograph of the PI-silver nanocomposite 6a in
Fig. 3 shows that the silver nanoparticles were homogeneously
dispersed in polyimide matrix. The larger silver particles may
be due to the aggregation of the smaller ones, resulted from
the dissolution and precipitation processes or the heating pro-
duced by the bombing of the electron beam to the sample dur-
ing the SEM measurement.
3.5. UV–vis spectroscopy
UV–vis spectra of the polyimide–Ag nanocomposite are shown
in Fig. 4, from which it can be seen that metallic silver nano-particles were formed. The absorbance band detected at 390–
430 nm is the characteristic silver surface plasmon.
3.6. Thermal properties
The thermal properties of pure polyimide 6 and polyimide/sil-
ver nanocomposite 6a were investigated by TGA (in a nitrogen
atmosphere at a heating rate of 10 C/min) and DSC experi-
ments and the results are summarized in Table 1. The initial
decomposition temperatures of 5% and 10% weight losses
(T5 and T10) and the char yield at 600 C for these samples
are summarized in Table 1 (Fig. 5). The temperature of 5%
and 10% weight loss and also the char yield at 600 C of poly-
imide–silver nanocomposite 6a were higher than the pure PI 6.
The higher thermal stability of nanocomposite 6a can be
attributed to the presence of inorganic silver nanoparticles into
the polyimide matrix.
Table 1 Thermal and ﬂame retardant behaviors of polyimide
6 and polyimide–silver nanocomposite 6a.
Polyimide Tg
a T5 (C)b T10 (C)b Char yieldc
6 174 325 375 52
6a 180 395 400 61
a The glass-transition temperatures (Tg) were measured by DSC.
b Temperature at which 5% and 10% weight loss was recorded by
TGA at heating rate of 10 C/min in N2 respectively.
c Percentage weight of material left undecomposed after TGA
analysis 600.
Figure 5 TGA thermograms of PI 6 and polyimide–silver
nanocomposite ﬁlm 6a.
Synthesis and properties of polyimide/silver nanocomposite containing dibenzalacetone moiety 423Thermal behavior of pure polyimide 6 and polyimide–silver
nanocomposite 6a was evaluated by DSC measurements and
the Tg values are collected in Table 1. A clear increase of Tg
values was shown in nanocomposite ﬁlm 6a. The reason for
such increase may be due to the existence of silver nanoparti-
cles in polyimide matrix resulting in a decrease of the free vol-
ume of polymeric chain. Additionally, a strong interaction
between the silver nanoparticles and the polymeric chains is ex-
pected which causes an increase in Tg value of nanocomposite
ﬁlm 6a.
4. Conclusion
In this work, a polyimide–silver nanocomposite ﬁlm was suc-
cessfully prepared by a convenient reduction of silver by anultraviolet irradiation technique. The high char yield of this
nanocomposite ﬁlm can be related to the presence of inorganic
silver nanoparticles in the polyimide matrix. These properties
can make this nanocomposite attractive for practical applica-
tions such as processable high-performance engineering
plastics.
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